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In Brief Lee et al. show that NMDAR activation triggers CICR exclusively during spine synapse development in CA1 pyramidal cells. This calcium amplification mechanism selects for specific input features along dendrites and spatially regulates synaptic plasticity, likely to shape microscale connectivity patterns of emerging neural circuits.
INTRODUCTION
Neural circuit function is tied to the organization of synaptic connectivity between constituent neurons. At the macroscopic level, targeted projections between major brain regions serve as general routes for information flow in the brain. At the level of local circuits, such as in the hippocampus, stereotyped patterns of connectivity also exist to support specialized roles in information processing (Buzsá ki and Moser, 2013) . Interestingly, recent work has begun to reveal structured connectivity patterns at yet a finer level, along individual dendrites of pyramidal neurons (Druckmann et al., 2014; Kleindienst et al., 2011; Makino and Malinow, 2011; Winnubst et al., 2015) . Such microscale features of synaptic connectivity merge with a growing literature on dendritic computation describing nonlinear mechanisms of synaptic integration that depend on the spatial organization of synaptic input along dendrites (London and Hä usser, 2005; Major et al., 2013) . These dendritic boosting mechanisms enhance the throughput of spatially clustered synaptic activity (Losonczy and Magee, 2006; Mel, 1993; Polsky et al., 2004) and are thought to enhance the computational power of individual neurons (Poirazi and Mel, 2001) . Remarkably, recent studies have shown that these dendritic nonlinearities occur during sensory processing in vivo (Lavzin et al., 2012; Palmer et al., 2014; Sheffield and Dombeck, 2015; Smith et al., 2013) . One important line of questioning pertains to how neural circuits establish the fine-scale patterns of synaptic connectivity required for these nonlinear forms of integration.
During the first postnatal weeks in the rodent hippocampus, pyramidal neurons develop elaborate dendritic arbors and establish synaptic connections at thousands of dendritic spines (Lohmann and Kessels, 2014) . This critical developmental stage offers a prime opportunity for local plasticity mechanisms (Govindarajan et al., 2011; Harvey and Svoboda, 2007; Kleindienst et al., 2011; Makino and Malinow, 2011; Winnubst et al., 2015) to shape the spatial organization and fine-scale patterning of synaptic connectivity in emerging neural circuits. Here, we describe the spatial and temporal features, activation parameters, and developmental profile of a novel local plasticity mechanism mediated by noncanonical NMDA receptor (NMDAR)-dependent calcium signals. Using whole-cell electrophysiological recordings combined with two-photon calcium imaging and glutamate uncaging at CA1 pyramidal neurons, we observed robust spatial and temporal transformations of synaptic calcium signals during spine synapse development. In sharp contrast to triggering the compartmentalized calcium signals commonly observed at spines from older neurons (Koester and Sakmann, 1998; Mainen et al., 1999; Oertner et al., 2002; Sabatini et al., 2002; Yuste and Denk, 1995) , we found that NMDAR activation at spines from younger neurons triggered calcium signals that spread locally in dendrites and invaded neighboring spines. These spreading calcium signals involved ryanodine receptordependent calcium-induced calcium release (CICR) and were preferentially driven by spatially clustered synaptic inputs. Notably, spine structural-plasticity experiments showed that NMDAR-dependent CICR spatially regulates plasticity of temporally coactive neighbor synapses. In line with the idea that spatially cooperative plasticity mechanisms regulate synapse maturation in vivo, we found clear evidence of clustering of synaptic weights in developing dendritic arbors. By ascribing postsynaptic salience to spatial and temporal correlations in synaptic activity in emerging neural circuits, NMDAR-dependent CICR may contribute to the assembly of fine-scale functional synaptic connectivity templates for specialized forms of dendritic processing.
RESULTS
We obtained whole-cell recordings from CA1 pyramidal neurons during a critical period of postnatal hippocampal circuit assembly, marked by the emergence of dendritic spines (Lohmann and Kessels, 2014 ) ( Figure S1 , available online). The Ca 2+ indicator Fluo-4FF (200 mM) and the morphological marker Alexa Fluor 594 (30 mM) were included in the recording electrode for twophoton (2P) imaging of calcium signals at spines and dendrites (Yasuda et al., 2004) (Figures 1A and 1B) . To visualize NMDARdependent calcium transients, neurons were voltage clamped at depolarized membrane potentials (V m = À30 mV) to relieve the voltage-dependent magnesium block on NMDARs (Alford et al., 1993; Nowak et al., 1984) . As a first step, we obtained recordings from developing organotypic slices and observed spontaneously occurring calcium signals on dendrites of CA1 pyramidal neurons that were time locked to bouts of synaptic activity ( Figures 1C-1E ). These spontaneous calcium signals exhibited two qualitatively distinct behaviors at times detected along the same segment of dendrite ( Figure 1C ). While we observed highly compartmentalized calcium signals at some dendritic spines ( Figure 1D ), we also recorded calcium events that were longer lasting and clearly propagated locally in dendrites (Figure 1E) . The spatial and temporal profiles of these spreading calcium transients are distinct from those commonly observed at mature spines (Koester and Sakmann, 1998; Mainen et al., 1999; Oertner et al., 2002; Sabatini et al., 2002) , suggesting differences in the mechanisms controlling synaptic calcium dynamics.
To study calcium signals across postnatal development, we turned to acute hippocampal slices and evoked synaptic calcium signals with electrical stimuli (<0.05 Hz) using a patch electrode placed near an apical dendrite (Figure 2 ). Synaptic calcium responses differed dramatically between early and late phases of postnatal synapse development (postnatal days [P]8-P11 and P20-P26, respectively; Figures 2 and S1F). At older neurons (P20-P26), synaptic calcium signals were spatially compartmentalized to spine heads, as widely described ( Figure 2B ) (Koester and Sakmann, 1998; Mainen et al., 1999; Oertner et al., 2002; Sabatini et al., 2002; Yuste and Denk, 1995) . At younger neurons (P8-P11), however, synaptic calcium signals often propagated several micrometers from the stimulated spine and appeared to invade neighboring spines ( Figures 2C-2G ). These calcium signals were likely not due to direct dendritic depolarization by the stimulating electrode, since spine calcium events exhibited failures ( Figure 2B ) and were not detected at V m = À70 mV (n = 8 dendrites) even in response to paired-pulse stimuli ( Figures 2H-2J ). These results point to a switch in the mechanisms controlling synaptic calcium dynamics during postnatal synapse development.
Local Calcium Signal Propagation from Dendritic Spines during Postnatal Synapse Development Given the limited spatial control of synaptic activation by electrical stimulation, we next turned to 2P glutamate uncaging to activate individual visually identified spines and dissect the mechanisms controlling intracellular calcium dynamics during development. With 2.5 mM MNI-caged glutamate in the extracellular solution, 1 ms laser pulses (720 nm) directed at individual dendritic spines triggered excitatory postsynaptic currents that closely matched simultaneously recorded spontaneous EPSCs (V m = À70 mV) ( Figure S2A ). At V m = +40 mV, uncaging-evoked EPSCs contained a long-decaying component (Figures S1D and S2A) . The glutamate receptor antagonists NBQX (10 mM) and DL-APV (100 mM) abolished uncaging-evoked EPSCs at V m = À70 and +40 mV, respectively ( Figure S2A ), confirming the activation of AMPA-and NMDA-type glutamate receptors by 2P glutamate uncaging (Bé ïque et al., 2006; Matsuzaki et al., 2001) .
Consistent with the electrical synaptic stimulation experiments described above (Figure 2 ), 2P glutamate uncaging (V m = 0 mV) at single spines from young neurons (P8-P11) triggered dendritic calcium signals that spread locally and invaded neighboring dendritic protrusions with clear temporal delay (Figure 3A) . Similar glutamate uncaging stimuli triggered compartmentalized calcium transients at spines from more mature animals (P20-P26) ( Figure 3B ). Propagating dendritic calcium events (prop + , 7.97 ± 3.68 mm; mean ± SD, n = 191 spines)
were separated from propagation failures (prop À ) at a threshold of 2 mm (Figures 3C; P8-P17 pooled; see also Figure S2B ). Uncaging-evoked calcium signals at dendritic spines became spatially restricted with age ( Figure 3D ), and this was reflected in a sharp age-dependent reduction in the fraction of spines triggering dendritic calcium signal propagation ( Figure 3E ). Although the presence of a mobile buffer such as Fluo-4FF could in principle facilitate calcium diffusion , this cannot account for the spreading calcium signals we observed, since the peak calcium fluorescence amplitudes along the dendrite were often larger than those measured at the source spine. In eight dendrites from eight cells, calcium signals spreading from individual stimulated spines were clearly amplified at distinct ''hotspots'' along the dendrite (Figures 3F). The magnitude of this calcium amplification in dendrites was significantly reduced with age ( Figure 3G ; dendrite/spine calcium fluorescence amplitude ratio). It is also unlikely that glutamate receptors located micrometers away from the uncaging stimulus contributed to dendritic calcium fluorescence, given the spatial resolution of 2P glutamate uncaging (Matsuzaki et al., 2001; Soares et al., 2013) . Moreover, uncaging-evoked calcium signal propagation from spines persisted in the presence of P/Q-, N-, and L-type voltage-sensitive calcium-channel blockers (10 mM Nifedipine, 100 nM u-Agatoxin-IVA, 100 nM u-Conotoxin-GVIA; Figure S2D ), therefore ruling out these potential sources of calcium influx. Collectively, these results confirm a striking developmental switch in NMDAR-dependent calcium dynamics at dendritic spines on CA1 pyramidal neurons.
NMDAR Activation Triggers Ryanodine ReceptorDependent Intracellular Calcium Release during Synapse Development Given the regenerative nature of dendritic calcium signal propagation described above, we next tested the hypothesis that NMDAR activation triggers calcium release from intracellular stores (Figure 4 ). While metabotropic glutamate receptors (mGluRs) are known to trigger IP 3 -mediated store calcium release (Ross, 2012) , we found that the mGluR antagonist MCPG (500 mM) did not suppress uncaging-evoked calciumsignal propagation from spines ( Figures 4A and 4D-4F ). By contrast, uncaging-evoked calcium signals were abolished by the competitive NMDAR antagonist DL-APV (100 mM; n = 9 spines from 4 cells) ( Figures 4B and 4D-4F ). Next, we included ryanodine in the recording electrode to block ryanodine receptor-mediated intracellular calcium release (100-200 mM; Figure 4C ) (Isokawa and Alger, 2006) . Surprisingly, ryanodine reduced the probability of detecting spine calcium signals in response to glutamate uncaging during early development (Figure 4D) . Spine calcium signals detected in ryanodine did not propagate along the dendrite (Figures 4C-4F ). To further test the role of intracellular calcium release, we depleted intracellular calcium stores with the smooth endoplasmic reticulum (ER) Ca 2+ -ATPase (SERCA pump) blocker, cyclopiazonic acid (CPA, 30 mM) (Qin et al., 2012; Treiman et al., 1998) . The effects of CPA on spine calcium signals at young spines were consistent with a role for intracellular calcium release . Spine calcium signals at older neurons (P20-P26) were not noticeably altered by CPA ( Figures 4D and S3D) . Altogether, these results show that NMDAR activation is functionally coupled to ryanodine receptor-dependent CICR at young spines, which becomes uncoupled with age, thus allowing spines to adopt spatially compartmentalized calcium profiles that have been well described (Kovalchuk et al., 2000; Mainen et al., 1999; Oertner et al., 2002; Sabatini et al., 2002) .
Intracellular Calcium Release Is a Major Determinant of Calcium Kinetics at Developing Spines
The functional uncoupling of NMDAR activation from CICR during development was accompanied by a robust shift toward faster spine calcium kinetics (Figures 5A and 5B; see also Figure S3B) . To examine the role of CICR mechanisms in shaping calcium kinetics at developing spines, we sorted uncagingevoked spine calcium transients (events from Figure 3C ) based on whether they were accompanied by a propagating dendritic calcium signal (>2 mm; Figure 5C ; prop + versus prop À ). As expected, dendrite/spine calcium fluorescence amplitude ratios were significantly different between prop + and prop À events (Figures 5D and 5E) . Consistent with the intuition that intracellular calcium release should result in longer-lasting calcium elevations, spine calcium signals at prop + spines lasted more than twice as long as those recorded from prop À spines ( Figure 5F ). (G) The ratio of peak calcium fluorescence measured in dendrites and spines (amplitude ratio, dendrite/spine) was significantly reduced with age (p = 0.0023). Data are shown as mean ± SEM. *p < 0.01, **p < 0.001. See also Figure S2 .
In addition, spine calcium signals were significantly faster when ryanodine was included in the recording electrode and resembled calcium signals from prop À spines ( Figure 5G ). These results demonstrate that intracellular calcium release strongly regulates the time course of NMDAR-dependent calcium signals at young spines. Although calcium extrusion mechanisms also contribute to shaping the kinetics of synaptic calcium signals ( Figure S3C ) (Majewska et al., 2000; Pozzo-Miller et al., 1997; Scheuss et al., 2006 ), our results demonstrate that NMDARdependent CICR is a major determinant of both the spatial and temporal profile of calcium dynamics during synapse development.
Given the structural changes at spines during plasticity and development (Matsuzaki et al., 2004) , we wondered whether spine morphology could predict the expression of NMDAR-CICR coupling. Given the limited resolution of 2P imaging (Tøn-nesen et al., 2014), we conservatively compared only mushroom spines and stubby spines, sorted based on the presence of a long and narrow spine neck (see Supplemental Experimental Procedures). On average, stubby spines exhibited NMDARdependent CICR events more often than mushroom spines, although a sizeable fraction ($50%) of mushroom spines still generated propagating calcium signals ( Figure S4 ). In a few cases, we observed a peculiar directional bias in calcium flux . Calcium signals at the stimulated spine (red) and dendrite (black, mean signal in bold) are shown. DL-APV did not block the uncaging-evoked current recorded at V m = À70 mV but abolished uncaging-evoked calcium responses at Vm = 0 mV. Scale bar, 2 mm. (C) Example experiment at P9 with ryanodine (100 mM) in the recording electrode (>15 min after break in). Calcium signals from the stimulated spine (green) and dendrites (black, mean in bold) are shown, aligned to the corresponding pseudocolor dendritic calcium map. Scale bar, 5 mm. (D) Bar graph showing the probability of spine calcium signal detection in response to glutamate uncaging at single spines under different pharmacological conditions (left; P8-P11 data were as follows: CPA, p = 0.0097, n = 55 spines from 7 cells; RYN, p = 0.0231, n = 21 spines from 10 cells; DMSO, p = 0.3881, n = 18 spines from 3 cells; MCPG, p = 0.5784, n = 22 spines from 4 cells). (Right) CPA did not change spine calcium-detection frequency at older neurons (P20-P26, imaged in line scan; data were as follows: control, n = 21 spines from 4 cells; CPA, n = 11 spines from 4 cells). See also Figure S3 . (E and F) Summary of pharmacological experiments (P8-P11) on (E) probability of dendritic calcium signal propagation (>2 mm; p values were as follows: CPA, p < 0.0001; RYN, p = 0.0012; DMSO, p = 0.0958; MCPG, p = 0.2793; control data are replotted from Figure 3E ) and (F) distance of calcium signal propagation (CPA, p < 0.0001; RYN, p = 0.0008; MCPG, p = 0.8225; DMSO, p = 0.9905) in response to glutamate uncaging at single spines. Effects of intracellular ryanodine were compared to intracellular DMSO (vehicle), while all other drugs were compared to drug-free control conditions described in Figure 3 . Data are shown as mean ± SEM. *p < 0.05, **p < 0.01. See also Figure S3. across the long neck of mushroom spines. In these cases, mushroom spines exhibited compartmentalized calcium signals when activated by glutamate uncaging ( Figure S4A ) but were readily invaded by calcium signals propagating from a nearby spine ( Figure S4B ). These results highlight the complex processes controlling calcium flux during dendritic spine development.
NMDAR-Dependent CICR Encodes Spatiotemporal Features of Synaptic Inputs
The experiments described above were performed in voltage clamp to optimize NMDAR activation by glutamate uncaging.
To examine the activation parameters for NMDAR-dependent CICR under more physiological conditions, we carried out a series of current-clamp recordings. We examined calcium responses to glutamate uncaging at spines while experimenting with the relative timing of postsynaptic spikes (backpropagating action potentials, bAPs) driven by current injection (Markram et al., 1997; Nevian and Sakmann, 2004 ). We did not readily detect the small calcium signals associated with bAPs in the dendrites we examined ( Figure S5A ; n = 1/20 dendrites from 8 cells) because these signals were below the threshold of detection in our recording conditions . At resting (legend continued on next page) membrane potential, glutamate uncaging onto single spines elicited excitatory postsynaptic potentials (EPSPs; mean EPSP amplitude was 1.09 ± 0.21 mV) that were rarely associated with spine calcium detection (EPSP alone, n = 3/21 spines; Figures 6E and S5B) . In line with the voltage-dependent activation of NMDARs, spine calcium signals were more often observed when glutamate uncaging was immediately followed by bAPs, and some of these events were associated with propagating dendritic calcium signals ( Figures 6E, 6F , and S5B). Thus, naturalistic patterns of synaptic inputs during development can trigger dendritic calcium propagation from individual spines, with rules of activation consistent with an NMDAR-dependent mechanism.
Although the spreading dendritic calcium signals triggered by spike-paired glutamate uncaging at single spines ( Figure S5B ) closely resembled those observed in voltage clamp (Figures 1,  2 , and 3), they occurred with lower probability, suggesting that full recruitment of NMDAR-mediated CICR signaling is physiologically constrained and may only occur under more stringent stimulus conditions. Theoretical and experimental work indicates that NMDAR activation is particularly sensitive to coincident, spatially clustered synaptic inputs (Branco et al., 2010; Losonczy and Magee, 2006; Mel, 1993; Polsky et al., 2004) . To determine whether NMDAR-dependent CICR exhibits such ''cluster sensitivity'' (Mel, 1993) , we performed multisite glutamate uncaging at clusters of neighboring spines (Figures 6A  and 6B ; P8-P11, mean 4.12 ± 0.38 spines; range, 3-10 spines; 5 ms interpulse interval). Even in the absence of bAPs, EPSPs evoked by clustered glutamate uncaging drove propagating calcium signals at $50% of dendrites tested ( Figures 6E and 6F) . Overall, the occurrence of these propagating calcium signals was steeply dependent on the spatial and temporal features of synaptic inputs such that isolated synaptic events could be discriminated from spatially and temporally clustered synaptic activation coinciding with postsynaptic spiking (Figures 6E  and 6F ). Therefore, developing dendrites exhibit the ability to encode spatiotemporal features of synaptic inputs through local NMDAR-dependent calcium signals.
We next included ryanodine (100-200 mM) in the recording electrode to determine the role of intracellular calcium release in encoding the spatiotemporal features of local synaptic activity. Ryanodine significantly affected the way input patterns along dendrites were transformed into local calcium signals ( Figures  6C-6F) . Specifically, ryanodine significantly reduced the ability of clustered uncaging alone to trigger dendritic calcium propagation ( Figure 6F ; gain/loss analysis in Figures S5F-S5G ; see Supplemental Experimental Procedures). Although dendritic calcium signals exhibited robust spike-dependent facilitation in the presence of ryanodine ( Figures 6C-6F and S5C) , these calcium signals were significantly faster decaying compared to control ( Figures 6G and S5D) , consistent with the role of CICR in extending calcium signals in developing dendrites ( Figure 5 ). EPSP amplitudes, action potentials, number of stimulated spines, cluster length, and distance between stimulated spines were not different between control and ryanodine experiments ( Figures  6H and S5E ). Taken together, our results show that the functional coupling between NMDARs and CICR machinery served to transform spatially and temporally clustered synaptic inputs into salient, long-lasting calcium signals along developing dendrites. This mechanism could bind the history of activity among neighboring synapses, raising the possibility that it participates in the spatial regulation of synaptic plasticity in developing dendritic arbors.
Spatial Regulation of Synaptic Plasticity by NMDARDependent CICR
Previous work has demonstrated local crosstalk between neighboring spines that modulates thresholds for synaptic plasticity (Govindarajan et al., 2011; Harvey and Svoboda, 2007) . This synaptic crosstalk occurs over timescales of several minutes and likely involves the activation, translocation, and/or local synthesis of various signaling proteins (Govindarajan et al., 2011; Harvey et al., 2008; Murakoshi et al., 2011; Patterson et al., 2010) . We wondered whether NMDAR-dependent CICR could also mediate synaptic crosstalk to locally regulate plasticity, but on the more rapid timescales of NMDAR-dependent CICR events ( Figure 5 ). To explore this idea, we studied dendritic spine plasticity using biolistically transfected CA1 pyramidal neurons expressing mCherry in developing organotypic hippocampal slices ( Figures 7A and S6A ). Apical dendrites were imaged at 950 nm, and 2P glutamate uncaging was used to induce dendritic spine growth, the structural correlate of synaptic potentiation (Matsuzaki et al., 2004) . As expected (George et al., 2015) , significant spine growth was induced by a ''strong'' glutamate uncaging protocol consisting of 30 pulses delivered at 0.5 Hz in low extracellular Mg 2+ (0.1 mM) ( Figures 7B-7D ). In these conditions, unstimulated neighbor spines did not show any obvious changes in volume ( Figure 7C , inset), suggesting that calcium signals spreading from the stimulated spine do not directly alter the structure of nearby spines. We next tested the hypothesis that NMDAR-CICR coupling contributes to calcium summation at coactive neighbor spines, thereby enabling weakly stimulated spines to overcome thresholds for synaptic plasticity. To this end, we established a subthreshold glutamate uncaging protocol that failed to induce lasting spine growth when delivered to individual spines (''weak'' protocol; 15 pulses at 0.25 Hz; Figures 7B-7D ). We then tested the effect of interleaving uncaging stimuli at pairs of neighboring spines on a common dendrite, with one spine receiving the strong protocol and the other receiving the weak (E and F) Summary data of spine calcium detection (E) and dendritic calcium invasion (F), in response to different glutamate uncaging configurations (control, black; ryanodine, red; see Supplemental Experimental Procedures). To study dendritic spine plasticity at early and late developmental time points, slices were prepared at P7, biolistic transfection was performed at 2-3 or 6-7 DIV (days in vitro), and experiments were performed 3-5 days after transfection. Figure 7 shows data from early-developing neurons. Analysis of spine plasticity at late-developing neurons can be found in Figure S6 (legend continued on next page) protocol ( Figure 7E ). The uncaging pulses were timed such that every second uncaging pulse at the spine receiving the strong protocol was followed by an uncaging pulse 100 ms later at the spine receiving the weak protocol (i.e., ''coincident weak'' protocol; Figure 7E ). Robust and sustained spine growth was observed at both spines ( Figure 7F ; n = 43 spine pairs), thus demonstrating a cooperative effect of local coactivity on dendritic spine plasticity. Again, nearby unstimulated spines did not show obvious structural changes. In eight experiments, we interleaved uncaging pulses onto a third dendritic spine (Figure 7G ). As shown in Figure 7G , the cooperative spine plasticity was distance dependent, occurring between the closest coactive neighbors. Overall, we observed the greatest cooperative effect on spine plasticity when stimulated spines were located <10 mm from one another ( Figure 7I ; data for control were as follows: <10 mm, p = 0.000367, n = 35 spines; >10 mm, p = 0.53462, n = 8 spines). Together, these results demonstrate a cooperative influence of local input coincidence on the structural plasticity of neighboring dendritic spines (synaptic crosstalk), exhibiting spatial bounds that align with those of the dendritic calcium signals driven by NMDAR-dependent CICR ( Figure 3C ).
To address the role of CICR in spine plasticity during synapse development, we bath applied ryanodine (20 mM) and found that it significantly suppressed structural plasticity of spines from young slice cultures (n = 15 spines), but not from older ones (n = 68 spines; Figure S6A ). Notably, ryanodine also blocked the local cooperative plasticity outlined above (Figures 7H and  7I ; n = 25 spine pairs), confirming a role for intracellular calcium release in rapid synaptic crosstalk in developing neurons. Thus, CICR is involved in both the induction of spine plasticity per se and in mediating crosstalk between coactive spines during development. To further assess the general role of CICR in modulating synaptic plasticity during synapse development, we performed whole-cell recordings from acute slices and studied long-term potentiation (LTP) using a standard stimulationpairing protocol (2-3 Hz for 60 s; V m = 0 mV; Figure S6B ). When ryanodine was included in the recording electrode, the magnitude of LTP was significantly reduced in young neurons (P10-P15; control, n = 13 cells; ryanodine, n = 23 cells; p = 0.0307), but not in older neurons (P20-P29; control, n = 15 cells; ryanodine, n = 7 cells; p = 0.60). These structural and functional plasticity experiments together highlight a switch in calciumdependent synaptic plasticity mechanisms during postnatal development (Yasuda et al., 2003) that occurs in parallel with the developmental downregulation of NMDAR-dependent CICR. Thus, the coupling of NMDARs to CICR machinery imparts spatial associativity features to synaptic plasticity rules that operate on a millisecond timescale.
Evidence for Clustered Synapse Maturation along Developing Dendrites
By cooperatively regulating the plasticity of coactive synaptic assemblies along short dendritic segments, NMDAR-dependent CICR may favor the parallel maturation of cohorts of neighboring synapses located along distinct dendritic segments. Since synapse maturation involves the recruitment and stabilization of AMPA receptors (AMPARs) at spines (Kerchner and Nicoll, 2008) , we reasoned that spatially clustered synapse development should manifest in a nonrandom spatial distribution of weak (immature) and strong (mature) synapses along dendrites (i.e., clustering of synaptic weights). To directly address this possibility, we used 2P glutamate uncaging to map AMPA/ NMDA ratios at cohorts of neighboring spines along segments of developing dendrites (Figures 8A-8D ; mean dendritic segment length, 16.96 ± 1.61 mm; interspine distance, 3.02 ± 0.12 mm; see Supplemental Experimental Procedures). In order to normalize the uncaging laser power across neighbor spines, we targeted spines along segments of dendrite in the same imaging plane (Bé ïque et al., 2011) . The uncaging laser was first tuned to generate mixed AMPA-and NMDAR-mediated outward currents at a holding potential of V m = +40 mV (mean amplitude, 17.1 ± 0.65 pA; median, 13.8 pA, n = 336 spines), and we then probed for AMPAR-mediated currents at V m = À70 mV using the same laser power (mean amplitude, 11.8 ± 0.72 pA; median, 8.1 pA) ( Figure 8A ). In general, we observed a robust developmental increase in AMPA/NMDA ratios at spines ( Figure 8B ), as expected (Bé ïque et al., 2006; Durand et al., 1996; Zhu and Malinow, 2002) . Moreover, AMPA/NMDA ratios were correlated with EPSC amplitudes recorded at V m = À70 mV ( Figure S7A ; R 2 = 0.37, p < 0.0001), but not with EPSCs recorded at V m = +40 mV ( Figure S7B ; R 2 = À0.003, p = 0.87). Consistent with previous work, we detected ''silent'' synapses (AMPA/ NMDA ratio < 0.25) at $20% of morphologically heterogeneous dendritic protrusions that we probed along dendrites before P12 ( Figures 8E and 8F ) (Ashby and Isaac, 2011; Bé ïque et al., 2006; Busetto et al., 2008) . There was no apparent bias in the distribution of silent spines along the proximal-distal axis of the apical dendritic arbor, arguing against any spatial regulation of synapse development at the cell-wide level, at least within the proximal 120 mm from soma ( Figure 8F ). To determine whether synapse maturation is spatially regulated, we used Monte Carlo shuffling methods to simulate spatially random synapse development and compared this synthetic dataset to the distribution of experimentally measured synaptic weights. Shuffled data were drawn directly from experimentally measured AMPA/NMDA ratios and randomly sorted onto an array of model dendrites matched to experimental (Inset) Summary of spine volume changes at proximal (<10 mm) and distal (>10 mm) pairing distances. In control conditions (blue), coincident weak input triggered significant spine growth when the coactivated neighbor spine was <10 mm away (p = 0.000367), but not >10 mm (p = 0.5346). On average, spine growth was not observed in ryanodine (red, p > 0.3). Data are shown as mean ± SEM. Number of spines indicated in parentheses. Spine growth was determined by a one-way t test compared to a mean effect of no change. Two-sample t test was used for between-group comparisons. *p < 0.05, **p < 0.001. See also Figure S6 . data for segment length and spine number ( Figure 8H ; see Supplemental Experimental Procedures). Only segments where at least three neighboring spines were probed were included in these analyses (n = 290 spines from 55 dendrites). We used multiple independent analytical methods to examine spatial features of synaptic weight distribution. First, we determined for each dendritic segment the variance of AMPA/NMDA ratios between spines to obtain a superficial indication about synapse similarity along dendrites. Experimentally measured AMPA/NMDA ratios were significantly less variable from segment to segment compared to shuffled data, in line with spatially clustered synapse development ( Figure 8G ; 100 shuffles; p = 0.004, Wilcoxon test corrected for multiple comparisons; see Supplemental Experimental Procedures). Noting that silent spines were often neighbored by other silent spines ( Figures 8C and 8D) , we next calculated the fraction of silent spines for each dendritic segment (i.e., the number of silent spines/total number of spines probed) and used this metric to describe the relative strength of each dendritic segment. We assigned each segment to one of three relative segment strengths: (1) weak segments with 50%-100% silent spines, (2) intermediate segments with <50% silent spines, and (3) strong segments, which lacked silent spines. Experimental dendrite counts for each group were compared to shuffled data. In line with spatially clustered synapse maturation, the experimental counts were significantly different from shuffled data, showing more strong and weak segments and fewer intermediate segments (Figures 8H-8J; p < 0.001, one-way z tests assuming equal variance around test means centered on the experimental counts). Furthermore, the absolute difference in AMPA/NMDA-ratio values between pairs of neighboring spines was significantly correlated with their interspine distance ( Figure 8K ; 840 spine pairs; R 2 = 0.25, p = 0.005), which was not observed in the shuffled data (R 2 = À0.02, p = 0.47). These results outline the spatially clustered distribution of synaptic weights on developing dendritic arbors, consistent with the presence of local mechanisms that spatially regulate functional synapse development. Last, we estimated the spatial bounds of this clustering of synapse development by analyzing the similarity of synaptic weight between neighboring spines as a function of the distance between them. To do this, we sorted the AMPA/NMDA ratios into three weight classes (i.e., approximate thirds-weak, intermediate, and strong; Figure 8L ). For each spine in the dataset, we tallied the instances when neighboring spines shared the same weight class (weight matching) and plotted these counts with respect to distance between the spines ( Figure 8M ). By separating AMPA/NMDA ratios in this manner, we inferred whether clustering of synaptic weights varied as a function of synaptic weight. We observed significant clustering (i.e., increased weight matching beyond that observed in the shuffled dataset) within a distance of $10-15 mm for weak spines and strong spines (Figure 8M) . These results support the notion that local cooperative plasticity mechanisms stabilize spatially clustered synaptic ensembles in developing dendritic arbors, which may help establish functional synaptic motifs for dendritic information processing at individual neurons.
DISCUSSION
We observed striking spatial and temporal regulation of activitydependent calcium dynamics during a critical period in network formation. In early postnatal development, when dendritic spines first take form and acquire function, NMDAR activation at a large fraction of dendritic protrusions triggered long-lasting, storedependent calcium signals that spread along dendrites and invaded neighboring spines. By the third postnatal week, synaptic calcium events were significantly faster and restricted to the spine head. By experimenting with the spike-timing-dependent activation of NMDARs in current clamp, we found that the functional coupling of NMDARs to CICR mechanisms enabled the efficient transformation of salient synaptic inputs (i.e., temporally correlated and spatially clustered) into robust, long-lasting intracellular calcium events. Remarkably, this NMDAR-dependent CICR supported local cooperative plasticity between coactive neighbor spines. In line with the idea that this mechanism favors the stabilization of coactive neighboring synapses in emerging networks, we detected clustered synapse development in the spatial distribution of synaptic weights at developing dendrites. Together, this study describes a noncanonical NMDAR-dependent mechanism expressed during neural circuit development that can select and bind synaptic inputs based on their spatiotemporal presentations. This mechanism is therefore apt to shape the spatial patterning of synaptic connectivity at CA1 dendrites. Given the integral role of calcium signaling in synapse regulation, considerable efforts have been made to comprehensively describe synaptic calcium dynamics at dendritic spines. While early reports suggested a prominent role for CICR at spines (Emptage et al., 1999) , this has not been universally reported, raising a controversy that has been attributed to differences in experimental methods (acute versus organotypic slice; wholecell versus sharp electrodes). The transitory developmental coupling of NMDARs to CICR mechanisms described here provides a tangible biological explanation to reconcile the discrepancies. Aligning well with our study, CICR was reported to dominate at dendritic spines in developing slice cultures (Emptage et al., 1999) , while similar experiments in acute slices from animals older than $2 weeks of age reported little or no contribution of CICR to spine calcium signals (Garaschuk et al., 1996; Kovalchuk et al., 2000; Mainen et al., 1999; Oertner et al., 2002; Sabatini et al., 2002) . Our results further identify CICR as a major determinant of intracellular calcium kinetics, conspicuously extending the integration window for local calcium summation during synapse development.
One of the major functional attributes commonly assigned to spines is their ability to compartmentalize NMDAR-dependent calcium signals, which is thought to provide synapse specificity to biochemical signaling and regulation. Whereas our data in mature neurons are fully consistent with this compartmentalized model of synapse function, we observed a fundamental departure from this behavior during early postnatal development. Despite the positive-feedback nature of CICR, the spreading calcium signals exhibited spatial limits, rarely propagating the entire length of the visualized dendritic segments. Although the factors that control the dynamics of intracellular calcium release in dendrites are poorly understood, local variability in dendritic ER complexity (Cui-Wang et al., 2012) , calcium buffering/extrusion mechanisms (Majewska et al., 2000; Pozzo-Miller et al., 1997; Scheuss et al., 2006) , and ryanodine receptor density (Segal et al., 2010) could in principle shape the spatial profile of these NMDAR-dependent calcium signals. With age, NMDAR activation functionally uncoupled from CICR machinery, enabling calcium transients to become compartmentalized to the spine head. The mechanisms controlling developmental profile of the NMDAR-dependent CICR do not appear to be a simple downregulation of ryanodine receptors with age (Mori et al., 2000) , nor can they be easily explained by an obvious physical correlate (e.g., ER membrane has been reported to extend in $50% of mature spines and up to $80% of mature mushroom spines) (Spacek and Harris, 1997) . As such, this study has not identified the mechanism underlying the developmentally regulated uncoupling of NMDARs from CICR machinery.
Together with other recently reported manifestations of clustered synaptic plasticity and stabilization (Druckmann et al., 2014; Makino and Malinow, 2011; McBride et al., 2008; Oh et al., 2015; Takahashi et al., 2012) , the clustering of synaptic weights we report attests to the presence of plasticity mechanisms operating in vivo that instruct the assembly of microcircuit connectivity templates that are poised to exploit the nonlinear regime of dendritic computation (DeBello et al., 2014; Larkum and Nevian, 2008; London and Hä usser, 2005) . By serving as a spatial and temporal coincidence detector amidst spontaneous network activity in developing neural circuits, NMDAR-CICR coupling offers a ''reinforcing'' local plasticity rule that complements recently described ''punishing'' plasticity rules where outof-sync inputs exhibit spine shrinkage (Oh et al., 2015) and can be made less reliable through proBDNF/p75 NTR signaling (Winnubst et al., 2015) . While NMDAR-dependent CICR modulated spine plasticity within the narrow window of dendritic calcium integration, other forms of local cooperative plasticity appear to operate over relatively longer timescales (Govindarajan et al., 2011; Harvey and Svoboda, 2007) , likely via activation and local sharing and synthesis of diffusible proteins (Harvey et al., 2008; Murakoshi et al., 2011; Patterson et al., 2010) . As such, several spatially regulated mechanisms regulate synapse development, operating over a wide range of timescales, from milliseconds (shown here) up to tens of minutes (Govindarajan et al., 2011; Harvey and Svoboda, 2007) . Future work will be required to understand how these spatial plasticity mechanisms interact in vivo to establish the microscale connectivity features found in mature dendritic arbors. Given the intricate link between structure and function in the brain, disruptions to these developmental mechanisms could lead to subtle yet powerful alterations in information processing and thus contribute to neurodevelopmental disorders such as autism and schizophrenia.
EXPERIMENTAL PROCEDURES Slice Preparation and Whole-Cell Electrophysiology
Hippocampal slices from Sprague-Dawley rats were prepared using methods approved by the University of Ottawa Animal Care Committee. Acute coronal hippocampal slices (300-350 mm) were obtained on a Vibratome (Leica Microsystems) in ice-cold cutting solution, transferred to a prewarmed (37 C) chamber containing a Ringer solution, and allowed to recover at room temperature for at least 1 hr before experiments. Organotypic hippocampal slices were prepared as previously described (Soares et al., 2013 ) (see Supplemental Experimental Procedures). Hippocampal slices were placed in a recording chamber, and cells in the CA1 subfield were visualized under differential interference contrast (DIC) using a 403/0.8 NA or 603/1.0 NA objective lens. Whole-cell recordings were performed with borosilicate glass recording electrodes (3-5 MU) using an Axon Multiclamp 700B amplifier, and signals were filtered at 2 kHz and digitized with an Axon Digidata 1440A at 10 kHz. Electrodes were filled with a cesium-based intracellular solution for voltage clamp and a potassium gluconate-based solution for current clamp. See Supplemental Experimental Procedures for detailed methods.
Two-Photon Imaging and Uncaging
Glutamate uncaging experiments were performed with 2.5 mM MNI-glutamatetrifluoroacetate (Femtonics) added to the extracellular solution and 0.03 mM Alexa Fluor 594 hydrazide (Na-salt, Life Technologies) included in the recording electrode; for calcium-imaging experiments, 0.2 mM Fluo-4FF (pentapotassium salt; Life Technologies) was added to the electrode solution. Neurons were imaged >15 min after breakin. Simultaneous 2P imaging and glutamate uncaging were performed using two Ti:Sapphire pulsed lasers (MaiTai DeepSee, Spectra Physics) and independent acousto-optic modulators coupled to a twin-galvanometer scanning system (Olympus MPE-1000 or Zeiss LSM 710). Lasers were tuned to 810 nm for imaging Alexa Fluor 594 and Fluo-4FF and 720 nm for glutamate uncaging. Calcium fluorescence signals were given by the change in Fluo-4FF fluorescence normalized to the Alexa Fluor 594 signal (DG/R). See Supplemental Experimental Procedures for more information.
Data Analysis
Data are reported as mean ± SEM unless otherwise indicated. Statistical significance was assessed at p < 0.05 using the nonparametric Wilcoxon test (Mann-Whitney U test), unless otherwise indicated. Calcium fluorescence signals were analyzed offline using custom software in Image J (NIH) and MATLAB (MathWorks). Monte Carlo shuffling experiments were performed in MATLAB. See Supplemental Experimental Procedures for more information. 
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